Irradiance measurements from the Barents Sea and coastal areas of northern Norway were used to calibrate a simple-algorithm empirical model that simulate PAR, UVR and UVR inhibition of phytoplankton carbon assimilation. Field measurements showed that UVR levels, in addition to solar zenith angle, were controlled by variations in cloudiness and probably also ozone layer thickness. The relative amount of UV-B and UV-A to PAR increased during periods with heavy cloud cover. Inhibition of phytoplankton photosynthesis, obtained from incubation experiments, was between 50 and 75% close to the surface and was detectable down to ca. 10m depth. The common spring bloom phytoplankter Phaeocvstis pouchetii was less sensitive to UVR than centric diatoms. Critical depths (0,J for increase in phytoplankton biomass modelled from a 40-year time series of meteorological data from Lofoten were shallower during periods with elevated UVR levels, but we suggest that total annual production is not severely affected. Nauplii of the copepod Calanus finmarchicus start to feed during the post-spring bloom period, and a delayed or prolonged spring bloom will therefore probably not affect zooplankton or cod (Gadus rnorhua) larvae stocks negatively. Correlation analyses between cod year class strength and modelled UVR levels (r = -0.62) in May indicate a link between years with high UV radiation (clear sky) and poor cod year classes.
Numerous research programmes have measured ultraviolet radiation and its effects on phytoplankton in southern polar areas (Roy et al. 1989; Helbling, Villafafie. Ferrario et al. 1992; Booth et al. 1994; Neale et al. 1994) . There are some reports on atmospheric solar radiation (Hisdal 1986; Henriksen, Claes et al. 1992) and ozone variations in the high Arctic (Henriksen, Larsen et al. 1994) , ' This paper was originally submitted in connection with the International Symposium o n Polar Aspects of Global Change, Troms0, Norway, 24-28 August 1998. -The Editor.
but studies of the spectral composition of visible and UV radiation from northern areas are generally scarce. Information on the submarine light field is nearly totally absent. Calkins & Thordardottir (1 980) showed that northern phytoplankton were harmed by UVR, and Helbling, Eilertsen et al. (1996) reported inhibition of photosynthesis down to 10 m, but generally there is a paucity of information on the effects of UVR on marine life in northern areas.
There are several phytoplankton-zooplankton model studies from the area, but these do not include UVR inhibition and consider the net 15E 20E 25E 301
Fig. 1. The sampling stations in the Barents Sea and northern
Norway (see also Table 1 ). The average ice extent in May 1996 is indicated.
"availability" of photosynthetic available radiation (PAR) to be the sole regulator of phytoplankton biomass available to higher trophic levels ( B h - stedt et al. 1991; Slagstad & Stole-Hansen 1991; Hansen & Eilertsen 1995) . More mathematically complex algorithms that simulate atmospheric and submarine light fields (Sathyendranath & Platt 1988; Stamnes et al. 1988 ) and biological weighting functions for inhibition of phytoplankton photosynthesis by UVR (Cullen et al. 1992 and references therein) are available. Attempts by us to use these showed that they failed to reproduce the actual observed events. The reason for this, we assume, is simply the previously mentioned lack of knowledge of UVR related physical and biological processes in northern areas. In addition, these models, when coupled to relevant phytoplankton production models need to be run on expensive high quality computers. The present study, therefore, simply relates UVR to PAR and PAR to phytoplankton photosynthesis based on regressions between the parameters and actual measured data from the area. As a model area we have chosen Lofoted Vestfjorden, i.e. the main spawning area for north-east Arctic cod (Gudus morhua).
Methods
The irradiance and phytoplankton data we used were collected during cruises to the Barents Sea, fiords in northern Norway (Balsfjorden, which is outside Tromso, and Vestfjorden, in Lofoten) and long-term irradiance series from a ground-based station in Tromso (Fig. 1, Table 1 ). Atmospheric and subsurface measurements were performed with a multichannel narrow bandwidth filter instrument (Biospherical Instruments, PUV500/ 510) with four channels (bandwidth of l0nm at full width half maximum) centred at 305,320,340 and 380 nm. Photosynthetic available radiation (PAR, 400-700 nm) was recorded as quanta. The instrument was calibrated at the factory prior to the measurements in addition to routine calibrations carried out each half year in Tromso. The total drift of the instrument was at maximum 2.6% per To determine the effects of UVR on phytoplankton photosynthesis, we used an incubator on the ship's deck and in situ incubations (Table 1) . Phytoplankton samples from 0.1 and 10 m depth were placed in 50ml quartz tubes (horizontally) just below the surface of the tank water. During in situ experiments, SO ml quartz tubes with phytoplankton were placed at 0.1, 5 and lOm depths. We used three different radiation treatments in all experiments: a) exposure to UV-B, UV-A and PAR (quartz); b) UVA and PAR (quartz tubes covered with mylar film, 50% transmission at 323 nm); and c) only PAR (tubes covered with Plexiglas UF-3 filters, 50% transmission at 400 nm). Samples were inoculated with 5 pCi (0.185 Mbq) of radiocarbon labelled bicarbonate. All experiments were centred around noon (true local time), generally from 1000 h to 1400 h. In Balsfjorden we performed additional experiments from 1500 h-1800 h (Table 1) .
Meteorological observations (cloud cover, 0-8: visibility. km; relative humidity, %) were obtained from the Norwegian Meteorological Institute to be used for Tromsa and Balsfjorden. For Lofoten we used data collected at Skrova, outside Svolvxr. Meteorological data were typically collected at 0700 h, 1300 h and 1900 h and occasionally also at 0100 h. During the cruises observations wese recorded hourly.
The main spawning area for north-east Arctic cod is Lofoten. After the larvae have hatched in the Lofoten area they drift northwards into the Barents Sea, where they reside most of their lives (Fig. 1) . As a measure of variation in cod stock recruitment for the years 19.57-1996 we used data from group 111 (three year old cod) surveys (VPA-Statistics) for the period 1957 -1970 (Sretersdal & Loeng 1987 combined with the XSA (extended Survivors Analysis). This is in accordance with the standard method suggested by ICES (Thoresen 1998) . Data from 1966-1995 were corrected for time trends in trawling efficiency (Nakken & Raknes 1996) . To examine possible relationships between UVR and the size of cod stocks, cod stock assessments were normalized using this formula: (measured value for year -mean value for whole period)/mean value for whole period. The strength of each year class is also dependent on the numbers of cod that spawn in Lofoten. Each year's total catch of cod in Lofoten for was therefore transformed to fractions of the mean (fraction = measured value for yeadmean value for period). Finally the normalized stock value for each year was corrected by multiplying with this fraction.
Model description

Basic equations
The basis for the atmospheric radiation model was the algorithm in Frouin et al. (1989) , where solar irradiance (IpAR) for clear sky is computed in W m-2 after input of surface visibility, humidity and regression coefficients for maritime atmospheres and solar zenith angle:
IK is the monochromatic extraterrestrial irradiance integrated over 400-700 nm (PAR), 2 is the ratio of actual to mean Earth-Sun separation, a and b are regression coefficients representing different aerosol types, subscripts v and 0 denote water vapour and ozone, A is albedo, V (km) is surface visibility and U (at-cm) is vertically integrated absorber amount. Coefficients for maritime atmospheres were from Frouin et al. (1989) . Solar zenith angle (0) was computed at given geographical position and time according to the equations in Iqbal (1983) . The model was set to integrate over 10 minute intervals.
Calibration of the model using atmospheric (PAR) field data
To calibrate for clear sky conditions, we used meteorological observations made at fixed times (0100 h, 0700 h, 1300 h and 1900 h). Since heavy cloud cover is a characteristic feature of the region, we modelled PAR during shorter periods when cloud cover was zero and where the irradiance plots revealed stable atmospheric conditions. The data sets we used were: Lofoten, 10.04.96 0000 h to 11.04.96 0000 h; Barents Sea, 20.05.96, from 0600h to 0740h; Tromscb, 01.10.97, 1300h to 2100 h and 10.04.98, 0600 h to 2100 h (see Table  1 ). During initial test simulations, the model underestimated irradiance at all zenith angles, but the linear correlation between measured (pmol quanta cm-'s-') and PAR (Wm-') simulated from the above data sets was r = 0.96 at p = 0.05. Since we at present have no explanations for this other than that cloud cover may be systematically overestimated in the meteorological registrations or that special atmospheric conditions prevailed in Data from the Barents Sea in 1996 (see Table 1 ).
these areas, we simply increased the output from the model by a factor of 38% (Fig. 2) . The conversion factor to convert PAR measured as pmol quanta cm-'s-' to WmP2 (2614.286) was obtained from correlation analysis of the same "clear period" data sets. We thereafter calibrated the model against various degrees of cloud cover by performing linear and non linear correlation analysis on measured PAR vs. cloud cover, visibility and solar zenith angle. The best fit was between irradiance (PAR) and cloud cover (r = 0.78). This is in accordance with the normal assumption that the transmission is a strong function of cloud optical depth and to a much lesser degree of solar zenith angle (Madronich 1993) :
where C is cloud cover (1-8) and I , is cloud corrected PAR. We then proceeded to simulate atmospheric PAR for all the periods when we had both meteorological observations and atmospheric irradiance measurements. The fit for all sampling periods pooled (Fig. 3, Table 1 ) was a linear correlation coefficient of r = 0.74. Cloud cover and possibly also visibility are measures influenced by the observer. We found no consistent difference between the localities, and equation 2 was therefore used in the further modelling.
PAR vs. UVR correlations
Calculated correlations between fractional cloud cover and UVR was non-significant. We therefore inspected ratios between 305, 320nm and 340, 380 nm and PAR at different cloud covers. These ratios differed statistically significantly (for all wavelengths) between cloud cover 8 and the incidences when cloud cover was lower than 8 (0-7). The general picture was that the relative amount of UVR to PAR at "full" cloud cover (8), was greater than at lower cloud covers (0-7). This increased with wavelength (Table 2 , Figs. 4, 5) . This is in accordance with findings of Hisdal (1986) . Diurnal or seasonal effects in the abovementioned ratios were absent, similar to findings of Gautier et al. (1994) from Antarctica. In the further modelling of atmospheric UVR we chose to use only the 305 nm: PAR ratios (Table 2 ) in the further modelling. As we will show later, this was partially justified by, the fact that the deleterious effects that UV-B and UV-A had on phytoplankton photosynthesis were quantitatively similar.
Subsurface irmdiance
It is difficult to achieve good readings with the sensor submerged immediately under the surface due to scattering effects. We therefore used measurements from 0.15 m depth and "back- amount of reflected light at surface), solar zenith angle (B), cloud-cover and sea-roughness (here expressed as linearly correlated to wind stress). The wind equation we used was (Gill 1982 ):
where T is wind stress, p is the air pressure and v is the wind speed. The Drag coefficient is CD = 1.1 x lop3 for v < 6 m s-', and lo3 x C, = 0.61 + 0.063 for 6 m s -' < v < 22ms-'.
By using multiple regression analysis we found a significant correlation only between albedo and solar zenith angle. At low wind speeds and 8 < 4 0 specular reflectance is mainly dependent on the angle of the sun (Gregg & Carder 1990) . By further analysing the data, using a non-linear fitting procedure, the best relationship between albedo and 8 was found:
where B is angle in degrees times Pi/180.
The diffuse attenuation coefficient used to calculate subsurface PAR, was obtained by analysing Chla and subsurface PAR data sets ( Table 1) :
At zero chlorophyll this function yields a k of ca. 0.05 (r = 0.75), indicating that some dissolved organic material (yellow substance) was present.
To obtain an algorithm for UVR attenuation, we statistically examined the relations between subsurface UVR and solar zenith angle, cloud cover, visibility, Chla and computed k values for the UVR wavelengths. The best correlations were between UVR and Chla, and we obtained the 
Carbon assiinilation calculations
TO calculate carbon assimilation (P, mg c mP3)
we used the equation in Webb et al. (1974) :
where PB is the maximum photosynthetic rate Employing iteration techniques, a programme then found the depth where total photosynthesis was equal to total loss (D, = "critical depth").
UVR inhibition of photosynthesis
The incubator experiments showed, similar to the results reported by Helbling, Eilertsen et al. (1996) , that UV-B and UV-A each accounted for about 50% of total inhibition of carbon assimilation (Fig. 6) . The highest degree of inhibition at Lofoten in 1996 (Fig. 6 ) was considerably lower than in Helbling, Eilertsen et al. (1996) , even though the levels of UV-A and UV-B were comparable. Phytoplankton species were typical for the area (Eilertsen et al. 1981) , i.e. mainly centric diatoms and Phaeocystis pouchetii ( Table  3 ). The highest degree of inhibition we found at Lofoten in 1996 (Fig. 6 ) was considerably lower than in Helbling, Eilertsen et al. (1996) , even though the UVR levels were comparable. The composition of the phytoplankton stocks in our investigation, typical of spring blooms in the area (F@yn 1929; Eilertsen et al. 1981) , was mainly centric diatoms of the genus Chaetoceros and haptophycean Phaeocystis pouchetii (Table 3 ). In the Helbling, Eilertsen et al. (1996) investigation, a larger part of the phytoplankton was solitary Table 3 . Species composition and mixed depth during the incubator and in situ experiments. All the mixed depths (during midApril) are means between the samplings, and all the observed pycnoclines were "weak", i.e. dot % 0.2-0.5. Table 3 . Dashed line is 95% confidence level.
flagellates, and this may be the reason why results were different. The results from the in situ experiments from 0 and 5 m corresponded with the incubator experiments and since the lOm in situ experiments showed only 5-9% more sensitivity to UVR, we pooled all the measurements (Fig. 7) . For convenience, we neglected the slight curvilinear shape of the inhibition, and used the relation below between radiation at 305 nm and "inhibition" to model total UVR (UV-B + UV-A) inhibition during the model runs, i.e. the potential gross production modelled from equation 7 was multiplied with a inhibition factor (F) to achieve UVR inhibited production:
This relation is not forced through zero, and in the model F was assigned a value of 1 .O (no inhibition) when subsurface radiation at 305 nm was modelled to zero.
Finally we modelled critical depth for 40 in Lofoten, using equations 1 and 2 to model atmospheric PAR, 4 and 5 to model underwater PAR, 6 to model underwater UVR (305 nm) and 7 and 8 to model production with and without inhibition.
Discussion
At the time of the onset of the spring bloom, late in March, daily UVR doses were normally low (Fig.  8) , similar to observations for the same period in Antarctica (Helbling, Villafafie & Holm-Hansen 1994) . Mean daily 305 nm values during midMay were around 0.0025 pW cmP2 nm-' and peak values during mid day were 0.4-0.5 pW cm-* nm-'. The increase in daily doses that can be observed in Fig. 8 is more a function of increased day length than maximum levels observed around noon. This is lower than earlier observed in July in Tromsg (Helbling, Villafafie & Holm-Hansen 1994) , and considerably lower than the highest values observed in the southern ocean (Helbling, Chalker et al. 1996) . The radiation climate in Tromsa is also highly variable due to frequent periods with heavy cloud cover. Even though day length increases rapidly at this time of the year, UVR levels in May may occasionally be lower than during late March (Fig. 8) . The faster increase in UV-B relative to UV-A in May can probably be attributed to a thinning of the ozone layer due to extensive cold air outbreaks in the upper stratosphere layers (NILU 1996) . When modelling phytoplankton critical depth for 40 years in Lofoten, with and without UVR inhibition, we observed the most extensive shal- lowing of D,, in May, i.e. after the culmination of the spring bloom (Figs. 9, 10 ). During early spring the critical depths are shallow in the area due to short days and low solar zenith angles (Fig. 10) . Inhibition of photosynthesis was not so pronounced during early spring, but mixed depths may at this time of year extend to the bottom (Hansen & Eilertsen 1995; Hegseth et al. 1995) , and this may cause delayed or slowed spring bloom during years with clear sky. During other years (with heavy cloud cover) little or no discernible effect of UVR inhibition can be expected. According to our model runs, on 8423 out of 13354 days (63%) the growth of phytoplankton (photosynthesis) was reduced by 0 to 10% by UVR, while on 4804 of 13354 days (37%) there was no UVR inhibition (Fig. 10) .
As to the further progress of the blooms during the years when the sky is at its clearest, we assume that inhibition in the upper water layers results in retardation of total growth, and possibly a larger part of growth takes place at greater depths. This must also to some degree be compensated for by lowered k values in the upper layers. Also, since the mixed depths are deep and the pycnoclines are weak (Table 3) , some additional (new) plant nutrients will be available within the euphotic zone. The net effect of this will be slightly delayed blooms with different vertical distributions of phytoplankton biomass, as can often be observed during late spring bloom and early summer phases in the north (Eilertsen et al. 1981) .
In regard to the consequences of this for species at higher trophic levels, for example Calanus finninrchicus on which cod larvae in the area feed, we believe no negative effects of a slightly delayed bloom should be expected. This is because the nearshorelcoastal stocks of this copepod spawn during late bloom phases, and consequently the nauplii of this species feed on remains of the spring bloom.
We have earlier observed during UVR experiments in Lofoten that 2-4 week old cod larvae, exposed to high (clear sky) values of UV-B, died after approximately 40 hours. Similar experiments with cod eggs resulted in a lower mortality, but applied TT dimer methods showed relatively high levels of DNA damage (unpubl. data). It has been confirmed by BCland et al. (1999) that clear sky UVR levels may cause mortality in both larvae and eggs of Atlantic cod. Since eggs and early juveniles of cod are present in large densities in the uppermost water layers in Lofoten during late March to May, Sundby et al. (1989) concluded that year class strength of cod is mainly determined at egg and larval stages, and that the exact reasons causing variations in cod year class strength was unknown to them. It is therefore highly possible that year class strength may be influenced by UVR and this is worth investigating. When we correlated the bulk of cod year class data vs. the mean 305 nm radiance level for May in Lofoten for the period 1957-1996, we observed a linear correlation between the selected parameters (r = -0.5 1). Since these analyses are based on data from group I11 cod surveys, the feeding and survival conditions after the larvae leave Lofoten must influence these figures. It is known that during warm years, feeding conditions in the Atlantic Barents Sea are better than during cold years, and that cold years are much more frequent than warm years (Sretersdal & Loeng 1987) . A closer examination of our initial analysis revealed that most of the years that deviated from the line representing the best fit between UV-A in May and year class strength were warm years. When we then re-analysed the data sets and excluded these warm years, we observed a better fit (r = -0.62), indicating that there may be a connection between cod year class strength and UVR, at least during cold years (Fig.  11) . We are aware that this conclusion may be debated, but it is in our opinion important to investigate this further, with field surveys as well as laboratory experiments involving both UVR and cod eggs and larvae.
